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Pathophysiology of acute Bence-Jones protein nephrotoxicity in the rat.
Acute renal failure in multiple myeloma is usually associated with
Bence-Jones proteinuria. To study the pathophysiology of this disorder,
and to shed light on the nephrotoxicity of filterable proteins in general,
we infused various proteins into male Sprague-Dawley rats and studied
their renal function by clearance and micropuncture techniques before
and after infusion. Renal histology was graded on the basis of the
number of distal nephron casts seen. The Bence-Jones protein (BJP)
used was isolated from the urine of two patients with multiple myeloma
and renal failure. Despite volume expansion, BJP infusion was associat-
ed with a decrease in GFR to 60% of control, Bence Jones proteinuria,
and tubular cast formation. Infusion of beta-lactoglobulin, a filterable
protein of a molecular weight similar to that of BJP dimers but with a
lower isoelectric point, also produced a decrease in GFR (to 45% of
control) and tubular cast formation. But, infusion of 0.15 M sodium
chloride, albumin (BSA), myoglobin (a filterable protein with higher
isoelectric point than BJP), or non-BJP-protein (isolated from "uremic"
urine in a manner similar to that used for BJP isolation) produced either
no change or an increase in GFR and no histologic change. BJP-infused
rats demonstrated both a decreased whole kidney GFR (55% of control)
and SNGFR (57%) and an elevated (167% of control) proximal tubular
pressure (PTP) when compared to BSA-infused control rats. Further-
more, in the BJP-infused rats there was a significant negative correla-
tion between PTP and both SNGFR and whole kidney GFR. Histology
score was positively correlated with PTP and negatively correlated with
both GFR and SNGFR. We conclude that (1) the infusion of some
human BJP's reduces GFR in the rat, (2) tubular obstruction is an
important, but not necessarily the only, mechanism for this impaired
filtration, (3) tubular obstruction most likely occurs on the basis of
intratubular BJP-containing casts, and (4) the precise factors contribut-
ing to the nephrotoxicity of filterable proteins remain to be determined,
but cannot relate solely to filtered protein load or isoelectric point.
Physiopathologie de Ia néphrotoxicité aiguë de Ia protéine de Bence-
Jones chez le rat. L'insuffisance rénale aiguë au cours du myélome
multiple est habituellement associée a une protéinurie de Bence Jones.
Pour étudier Ia physiopathologie de cette situation, et pour élucider Ia
néphrotoxicité des protéines filtrables en general, diverses protéines
ont été perfusées a des rats males Sprague Dawley chez lesquels la
fonction rénale a été étudiée par des techniques de clearances et des
microponctions avant et après Ia perfusion. L'histologie rénale a été
évaluée sur Ia base du nombre de cylindres distaux observes. La
protéine de Bence Jones (BJP) utilisée a dté isolCe de l'urine de deux
malades atteints de myelome multiple, en insuffisance rénale. Malgré
l'expansion volemique Ia perfusion de BJP a été associCe a une
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diminution de GFR a 60% des valeurs contrôles, a une protéinurie de
Bence Jones et a La formation de cylindres tubulaires. La perfusion de
béta-lactoglobuline, une protéine filtrable de poids moléculaire sembla-
ble a celui des dimères de la BJP, mais avec un point isoélectrique plus
bas, a aussi produit une diminution de GFR (a 45% du contrôle) et Ia
formation de cylindres tubulaires. Cependant Ia perfusion de chiorure
de sodium 0,15 M, d'albumine (BSA), de myoglobine (une protéine
filtrable dont le point isoelectrique est supérieur a celui de BJP) ou
d'une protéine différente de BJP (isolée de l'urine urémique suivant Ia
mCme technique que celle utilisée pour l'isolement de BJP) ou bien n'a
pas produit de modification, ou bien a déterminC une augmentation de
GFR et n'a pas entrlnC d'altérations histologiques. Les rats perfusés
avec de la BJP ont eu ala fois une diminution de GFR (55% du contrOle)
et de SNGFR (57%) et une augmentation (167% du contrôle) de Ia
pression tubulaire proximale (PTP) par comparaison avec les rats
contrôles perfusés avec de Ia BSA. De plus, chez les rats perfusés avec
BJP, il y avait une correlation negative significative entre PTP et a La
fois SNGFR et GFR du rein entier. La gradation histologique était
positivement corrélée avec PTP et négativement avec a Ia fois GFR et
SNGFR. Nous concluons que: (1) Ia perfusion de certaines BJP
humaines diminue GFR chez le rat; (2) l'obstruction tubulaire est un
mécanisme important mais pas nécessairement unique; (3) l'obstruction
tubulaire est probablement Ic fait de cylindres intratubulaires qui
contiennent Ia BJP; et (4) les facteurs précis qui contribuent a Ia
néphrotoxicite des proteines filtrables restent a determiner mais ne
peuvent étre exciusivement lies a Ia charge de protéines filtrée ou au
point isoelectrique.
Bence-Jones proteinuria is present in 90% of patients with
both multiple myelom4 (MM) and acute renal failure (ARF) [1].
It has also been associated both with proximal and distal tubular
acidification defects [2—5] and, in the former case, with proxi-
mal tubular cell crystals [3, 6]. The strong association between
renal involvement and Bence Jones proteinuria in MM has
suggested a pathogenic role for Bence-Jones protein (BJP) by
intratubular obstruction or by direct tubular toxicity, although
proof of either mechanism has yet to be established. On the
other hand, there are some patients excreting large amounts of
BJP without a measurable decrease in GFR or other evidence of
renal dysfunction [2]. This suggests that various BJP's may
differ in their nephrotoxic potential, perhaps related to differ-
ences in physiochemical properties, or that other factors may
enhance their nephrotoxicity [7—9]. An experimental model of
acute impairment of GFR following the administration of BJP
would not only support the concept of BJP itself as a cause of a
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decreased GFR in MM but also would allow characterization of
its mechanism.
BJP is only one of several filterable proteins that have been
implicated as being nephrotoxic. ARF has been associated with
both myoglobinuria and hemoglobinuna. There are many other
filterable proteins (for example, beta-2-microglobulin) without
apparent nephrotoxic effects. Thus, study of BJP nephrotoxi-
city, in addition to clarifying the pathophysiology of ARF in
MM, may shed light on those factors rendering some filterable
proteins nephrotoxic and others not so.
We have therefore carried out a series of renal clearance
studies before and alter the infusion of various filterable pro-
teins, including BJP isolated from the urine of patients with MM
and ARF, myoglobin, and beta-lactoglobulin. Renal histology
was also examined. GFR declined significantly after the infu-
sion of BJP and beta-lactoglobulin but not after the infusion of
myoglobin despite heavy myoglobinuria. To determine whether
intranephronal obstruction was present in the BJP-infused
model, we performed micropuncture studies.
Methods
After 1 to 2 weeks on a low sodium chloride diet (sodium
chloride, 0.5 Eq/g) with free access to water and food, male
Sprague-Dawley rats weighing between 100 and 150 g were
anesthetized with i.p. mactin (Promonta, Hamburg, West Ger-
many), 100 mg/kg of body wt. Small rats were chosen for study
because the BJP used in the study was limited in availability and
was administered in a dose graded for weight. A low sodium
chloride diet was used in all studies to ensure uniform sodium
chloride intake and excretion prior to study. Following trache-
ostomy, polyethylene catheters (PE-50) were placed in the
jugular vein for maintenance, inulin, and test-substance infu-
sion, in the femoral artery for collecting blood samples and
monitoring blood pressure, and in the bladder for collecting
urine samples under oil in preweighed vials. Animals were
placed on a heated table, and rectal temperature was main-
tained between 36.5° and 38° C.
Clearance studies. Polyfructosan 2% (mutest, Laevosan-
Gesellschaft, Linz/Donau) in 0.15 M sodium chloride was given
at a rate of 1 ml/100 g body wt per hour throughout the study. A
60-mm equilibration period was followed by a 45- to 60-mm
control clearance period, a 120-mm test infusion period, anoth-
er 60-mm equilibration period, and finally a 30- to 45-mm
experimental clearance period. Arterial hematocrit was deter-
mined at the beginning and the end of each period. Inulin
clearance, urinary flow rate, osmolality, and sodium concentra-
tion were determined during the control and experimental
clearance periods. Serum protein concentration was estimated
at the beginning and the end of the infusion period in groups 1,
4, M, and L (see below). Urinary protein excretion was
determined during the infusion period in groups 1, 2, 4, M, and
L. Protein electrophoresis and a Putnam test were performed
on urine collected from groups 1, 3, and 4 during the infusion
period.
At the end of the experimental period the kidneys were
harvested, hemisected, fixed in formalin, sectioned, and stained
with hematoxylin and eosin. These sections were then evaluat-
ed microscopically and graded 0 to 4 on the basis of the percent
of distal nephron sections filled with cast material:
Percent of distal nephron
sections with cast material, %
<1
1 to 25
26 to 50
51 to 75
>75
The histology scoring was performed by the examiner without
knowledge of the infusion given to the animal.
Immunohistology was performed on renal tissue from rats of
series 1 and 2. Tissue preparation and direct immunofluores-
cence staining techniques were performed as previously de-
scribed [10]. Monospecific fluoresceinated antiserum to human
kappa and lambda immunoglobulin light chains were obtained
from Kallestad Laboratory, Inc., Chaska, Minnesota.
Series I. The four groups studied differed only in the sub-
stance administered during the 2-hour test infusion period.
Group 1 received 500 mg of bovine serum albumin (BSA;
A4503, Sigma Chemical Co., St. Louis, Missouri). The purpose
of this group was to control for the systemic oncotic effect of
infused protein. Group 2 received 6 ml 0.15 M sodium chloride.
The purpose of this group was to control both for the duration
of the experiment and the vehicle in which the test proteins
were dissolved. Group 3 received BJP in amounts of less than
600mg per 100 g of body wt in 6 ml of 0.15 M sodium chloride
(range, 200 to 550mg per 100 g of body wt; mean SEM, 364
49). Group 4 received BJP in amounts greater than 600 mg per
100 g of body wt in 6 ml of 0.15 M sodium chloride (range, 625 to
1100 mg of BJP per 100 g of body wt; mean, 778 58).
Series 2. These experiments were performed with BJP isolat-
ed by identical techniques from a different patient than the one
used for series 1. The protocol was identical to that of series 1
except that the femoral artery was not catheterized and tail
blood samples were obtained. Urinary protein and sodium
excretion and serum protein concentration were not measured.
Eight rats were studied, and the dose of BJP varied from 50 to
430 mg per 100 g of body wt (mean, 285 43).
Series 3. These experiments were performed to control for
the possibility that either some constituent other than BJP of
urine collected from uremic patients persisted in the BJP-
containing infusate or that the BJP isolation procedure itself
might add a nephrotoxic substance. Human gamma globulin
was added to the urine of a patient with ARF but without Bence
Jones proteinuria and thereafter isolated as described below. It
was then administered i.v. in amounts of 300 mg per 100 g of
body wt in 6 ml of 0.15 M sodium chloride during the infusion
period to each of seven rats studied according to the protocol
used in series 1.
Series 4. These experiments were performed to compare the
effects of BJP to two other filterable proteins, the isoelectric
points (p1) of which spanned the range of that observed for BJP
[71. Two groups of rats were studied in a protocol identical to
that of series 1 except for the substance administered during the
infusion period. Group M received myoglobin (mol wt, 17000
daltons; p1, 6.9), and group L received beta-lactoglobulin (mol
wt, 35000 daltons; p1, 4.7 to 5.3) in amounts of 500mg per 100 g
of body wt in 6 ml of 0.15 M sodium chloride during the infusion
period. For these experiments, myoglobin and beta-lactoglobu-
lin were obtained from Sigma Chemical Co., St. Louis, Missou-
ri (catalog numbers M9630 and L2506).
Histology
score
0
2
3
4
200 Weiss et at
Micropuncture studies. Because of the preparation time
required and the added stress of micropuncture, the protocol
described above was modified slightly to exclude an initial
control period prior to the protein infusion period. A mainte-
nance infusion of mutest 7.5% in 0.15 M sodium chloride at a
rate of 1.2 mi/hr per 100 g of body wt was continued throughout
the experiment. Following the induction of anesthesia, an
infusion of either BJP or BSA was begun and continued for 2
hours followed by a 1- to 2-hour experimental period 1 hour
after completion of the infusion. A left flank incision was made
and the kidney freed from the surrounding fascia and placed on
a plastic (Lucite) kidney holder. The kidney was fixed in 2%
agar and bathed in saline heated to 37° C. A quartz rod
connected to a fiberoptic light source was used to illuminate the
micropuncture surface. The ureter was catheterized with either
PE-50 or PE-lO tubing, and urine was collected under oil in
preweighted vials for clearance determinations. PE-50 was used
in rats 1 through 4 and 10 through 14, and PE-lO was used in the
remainder. Arterial hematocrit was measured at the beginning
and the end of each period. Experimental kidney inulin clear-
ance, urinary flow rate, osmolality, and sodium concentration
were measured during the experimental period. Serum sodium
concentration and plasma colloid osmotic pressure were mea-
sured at the midpoint of the experimental period. Finally, the
kidney was removed and evaluated histologically as described
above. A servo-nulling micropressure system was used to
measure proximal tubule pressure (PTP) and stop flow pressure
(SFP) as previously described [11]. Single nephron glomerular
filtration rate (SNGFR) was determined by the total collection
technique as described by Wright and Giebisch [12]. A castor
oil block at least 6 tubule diameters was injected randomly into
a proximal tubule, and a collection initiated by slight negative
pressure on the syringe. In those animals infused with BJP, the
oil block would often move upstream and occlude the tip of the
collection pipette unless slight positive pressure was applied to
the syringe. This potential problem led us to determine SNGFR
with simultaneous recording of PTP in seven nephrons in five
animals infused with BJP. A 3- to 4- tip pressure-measuring
pipette was introduced into a proximal tubule and a stable PTP
recorded. A small amount of tinted 1.5 M saline was injected
from the pressure-measuring pipette such that the more distal of
the proximal convolutions could be identified and an 8- tip
collection pipette introduced. The collection was made at the
previously recorded PTP. As in the studies in which PTP was
not monitored, slight positive pressure had to be applied to the
syringe to maintain a stable PTP and prevent occlusion of the
tip of the collection pipette by the oil block. PTP did not
decrease during the collection period. PTP, SFP, and SNGFR
measurements were intermingled throughout the study, and
nephrons were selected randomly for puncture whether dilated
or not.
The two groups of rats studied by micropuncture techniques
differed only in the substance administered during the initial 2-
hour infusion period. Group A (N = 9) received 400 mg of BSA
per 100 g of body wt in 6 ml of 0.15 M sodium chloride. Group B
(N = 11) received 600 mg of BJP per 100 g of body wt in 6 ml of
0.15 M sodium chloride. The BJP infusate used was that used in
series 1 above.
Protein preparation and description. BJP for series 1 and 2
and for the micropuncture experiments was isolated from the
patient's urine by precipitation with 60% saturated ammonium
sulfate. The precipitate was harvested by centrifugation, and
after being redissolved in distilled water was dialyzed against
distilled water for 24 hours, lyophilized, and refrigerated until
use. Preparation of the protein-containing infusate was begun
by dissolving the lyophilized protein in 0.15 M sodium chloride
in weighed amounts estimated to give a final concentration of
150 to 250 mg/mI. This was followed by dialysis (Spectrophor
3000 dialysate tubing) against 0.15 M sodium chloride for 2 to 3
hours. The final concentration was estimated by refractive
index. The desired dose was diluted in 6 ml of 0.15 M sodium
chloride and was administered i.v. over the 2-hour infusion
period.
The two BJP's used in the series 1 and 2 experiments were
each isolated from separate patients with MM and ARF. BJP
used in series I was obtained from a 60-year-old woman who
had MM with a serum and urine M-component identified as a
kappa-type BJP and a serum BJP concentration of 2.8 to 3.2
g/dl. She had a creatinine clearance of 40 mi/mm and a 24-hour
urinary protein excretion of 40 g. Her BJP had a relative
electrophoretic mobility of 0.40 to that for BSA and a p1 of 6.1.!
Column chromatography of the infu sate prepared with this BJP
revealed two peaks accounting for greater than 90% of the
protein, the peaks being in the 45,000- and 90,000-dalton mol wt
range. BJP used in series 2 was obtained from a 60-year-old man
who had irreversible ARF and MM with a serum M-component
identified as IgG and a urine M-component identified as a
lambda-type BJP. The relative electrophoretic mobility of this
BJP was 0.69 relative to that of BSA, and column chromatogra-
phy of the infusate containing this BJP revealed predominately
dimers, and larger molecular weight aggregates of light chains.
The p1 of this protein was not determined.
For series 3 experiments, 8 g of human gamma globulin, (HG
II, Sigma Chemical Co., St. Louis, Missouri) were added to
urine from a patient without Bence Jones proteinuria but with
nonoliguric ARF after an abdominal aortic aneurysm rupture
and repair. Twenty-four hour urinary volume was 1.3 liters with
a total of 300 mg of protein; no BJP was present. Protein was
precipitated with 60%-saturated ammonium sulfate and proc-
essed identically to the procedure described for BJP. The
gamma globulin was added as a precipitating vehicle because
insufficient quantities of precipitate would be obtained without
addition of some protein.
Analytical methods. Sodium concentrations were determined
by flame photometry (Instrumentation Laboratory, Morris
Plains, New Jersey), osmolality by freezing point depression
(Fiske model 1300 osmometer), and inulin concentrations by
the Anthrone method [13]. Plasma protein concentration was
estimated by refractometry. Urine protein concentration was
determined by the Bio Rad protein assay (Bio Rad Labora-
tories, Richmond, California) [141. Urinary pH was determined
by pH electrode (Radiometer, Copenhagen).
For the micropuncture studies, tubule fluid inulin concentra-
tion was measured by an adaptation of the method of Vurek and
Pegram [15]. The volume of the tubule fluid samples was
'The p1 of this BJP was measured in the laboratory of Dr. D. H.
Clyne, Division of Nephroiogy, Department of Medicine, Veterans
Administration Hospital, Cincinnati, Ohio.
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determined with a constant bore capillary tube and slide com-
parator (Gaertner Scientific Corp., Chicago, Illinois), and
SNGFR was calculated from the volume flow rate and tubular
fluid to plasma inulin ratio. Colloid osmotic pressure was
measured using a membrane osmometer connected to a pres-
sure transducer as previously described [11].
The Putnam test performed on rat urine samples was per-
formed by adding 100 pi of urine to 25 p3 of 2 M acetate buffer
adjusted to a pH of 4.9 [161. This mixture was incubated at
56° C for 15 mm. If precipitate formed, it was subsequently
incubated at 100 C for 3 mm. A precipitate occurring during the
56° C incubation that dissolved upon boiling constituted a
positive test.
Protein electrophoresis strips (Gelman Instrument Co., Ann
Arbor, Michigan) were soaked in barbitol buffer (pH, 8.6). Five
samples were placed on each strip. Electrophoresis was per-
formed on a universal electrophoresis apparatus (Colab labora-
tories, Chicago Heights, Chicago, Illinois) using 130 volts and
20 mA for 1 hour. The strips were then stained with Ponceau S
red solution for 10 to 15 mm and decolorized with a 10% acetic
acid in methanol solution for 10 to is mm.
For column chromatography, approximately 50 mg of protein
was placed on a 1.6- by 100-cm Sephadex 0100 column
(Pharmacia Fine Chemical, Uppsala, Sweden) and eluted with
0.15 M sodium chloride buffered to a pH of 7.2 with sodium
acetate. The rate of elution was 0.4 mLlmin, and the eluate
protein was continually assayed by absorbance at 280 .
Standards used were BSA, ovalbumin, myoglobin, and cyto-
chrome C.
Calculations. The fractional change in the plasma volume (r)
occurring between time A and B was estimated by:
(Hct AIHct B) — 1/(1 — Hct A) = r
An estimate of the plasma concentration of infused protein
(P1), for example, BJP, at the end of the infusion period was
obtained by subtracting the concentration of endogenous plas-
ma proteins (Pc) from the concentration of total plasma proteins
(Ps) at the end of the infusion period. e is a function of both the
relative plasma volume expansion (r) and the concentration of
plasma protein prior to infusion (P0) and was estimated by PJ(r
+l).Then,Pi=Pt—Pe.
Statistical methods. Results are expressed as mean SEM.
Changes within groups were evaluated by the paired Student t
test. Changes among groups were compared by analysis of
variance. Correlation of the change in inulin clearance with
histology score was evaluated by the rank correlation test with
Kendall's Tau [17].
Results
Renal function and hemodynamics: Series 1. Volume expan-
sion occurred after test infusions in all groups and was greater
in the BJP-infused groups 3 and 4 than it was in the saline-
infused group 2, but less than in the BSA-infused group 1 (Fig.
1). Mean arterial pressure did not differ among the groups and
remained above 100 mm Hg (Table 1).
Initial inulin clearance did not differ among the groups. After
test infusion, inulin clearance increased in group 1, did not
change in group 2, and decreased in both BJP-infused groups 3
and 4. The change in inulin clearance in groups 3 and 4 differed
from that in groups 1 and 2, but not from each other. Thus,
Series 1 1 1 1 2 3 4 5
Groupi 2 3 4 M L
Fig. 1. Infusion-induced changes in plasma volume (clear bars) and in
inulin clearance (dotted bars). Asterisks indicate significant change
from control (P < 0.05).
despite volume expansion intermediate between that for groups
1 and 2, there was a decrease in inulin clearance in groups 3 and
4. Between the control and experimental period, urinary flow
rate increased and urinary osmolality decreased in all groups,
and fractional sodium excretion increased in all but group 4.
The magnitude of the infusion-induced changes did not differ
among the groups.
Urinary protein excretion during the infusion period was
greater in group 4 than it was in either control groups 1 or 2 (Fig.
2). The Putnam test performed on the urine collected during the
infusion period revealed BJP only in those animals receiving
BJP. Column chromatography of urine collected during the
infusion period from group 4 rats (BJP-infused) revealed a
pattern virtually identical to that seen with the infusate these
animals received (Fig. 3). Protein electrophoresis of urine
collected during the infusion period from group 4 (BJP-infused
rats) revealed only a monoclonal peak with the same electro-
phoretic mobility as that in the infusate. No urinary protein
migrating in the albumin region was found in the BJP-infused
rats. The calculated serum BJP concentration at the end of the
infusion period in group 4 rats was 3.4 0.5 gldl. Group 1 rats
had a calculated serum BSA concentration of 5.3 1.0 g/dl.
Series 2. In these rats, the control inulin clearances were
lower than they were in the other series. Although these
animals were prepared like those in series 1 experiments, the
high initial hematocrits suggest a greater degree of baseline
sodium depletion. Nevertheless, infusion of BJP isolated from a
different patient than that used in series 1 was again associated
with a decline in inulin clearance despite volume expansion.
Series 3. The volume expansion in this series, although
similar to that seen in the BJP-infused rats of series 1, was
associated with an increase in inulin clearance, similar to that
seen in the BSA-infused rats of series 1 (Fig. 1). Urinary protein
excretion during the infusion period was similar to that found in
groups 1 and 2 of series 1 (Fig. 2). Thus, a uremic factor or a
factor related to the isolation procedure for BJP from urine does
not explain the observed decline in inulin clearance or protein-
uria following BJP infusion.
Series 4. In group M, myoglobin infusion was associated with
volume expansion and no change in inulin clearance (Fig. 1).
Within several minutes of initiation of the myoglobin infusion,
the urine became dark brown and remained so throughout the
experimental period. Urinary protein excretion during the infu-
sion period was greater than that observed in any other group
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Table 1. Clearance dataa
Cm
Group Periodb
V
mi/mm
Uom
mOsm/liter
FENa X 100°
%
p.1/mm
100 g body wt
Hctd
%
BP
mm Hg
Group 1 (N = 9)
Group 2 (N 6)
Group 3 (N = 10)
Group 4(N = 8)
Series 2 (N = 8)
Series 3 (N = 7)
CON
INF
EXP
CON
INF
EXP
CON
INF
EXP
CON
INF
EXP
CON
INF
EXP
CON
INF
EXP
3.6
44.2
34.2
3.3
14.2
9.9
4.5
41.9
10.3
2.1
22.2
10.5
3.2
12.9
29.3
2.1
42.4
30.9
0.7
6.7
8.6°
0,7
10.3
3.0°
0.8
7.7
2.2°
0.3
3.6
3.6°
0.3
3.0
11.5°
0.1
6.7
11.5°
1417 158
307 19
664 107°
1393 87
776 203
985 118
1043 137
472 87
709 63°
1229 173
435 53
678 74.3°
1196 86
384 27
560 81°
0.13 0.09
1.62 0.43°
0.03 0.01
0.37 O.08e
0.15 0.06
1.39 0.36°
0.04 0.02
0.84 0.57
0.03 0.01
2.06 0.41°
956 78
1210 67°
1035 62
1099 76
981 67
745 68°
1225 129
745 115°
676 30
466 91°
926 83
1238 97
49 1
31 1
33 2°
48 1
45 2
44 1°
48 1
37 2
39 1°
46 2
33 2
36 2°
53 145 2
45 1°
43 1
36 2
32 1°
132 4
119 4
121 S
126 2
125 3
118 2
130 4
120 4
111 3
126 4
115 6
108 4
119 4
114 5
114 7
Series 4, group M(N = 9)
Group L(N = 6)
CON
INF
EXP
CON
INF
EXP
3.2
61.0
13.7
3.8
23.6
11.3
0.4
5.8
2.4°
1.3
8.6
4.2°
1321 155
365 21
850 76°
1191 192
354 60
703 1790
0.05 0.03
1.32 0.260
0.02 0.00
3.24 1.57°
892 100
925 96
1033 116
464 141°
47 1
43 2°
44 2
37 2°
131 6
131 6
132 7
139 3
125 3
125 9
a Values are the means SEM. Abbreviations are V. urinary flow rate; Uosm, urinary osmolality; FENa, fractional excretion of sodium; C1,
clearance of inulin; Hct, hematocrit; BP, blood pressure.
b Periods are control, CON; infusion, INF; and experimental, EXP.
Fractional sodium excretion
d Hematocrit for CON and EXP are means, hematocrit for INF is at the end of the period.
a P < 0.05, comparing EXP vs. CON period.
beta-lactoglobulin concentration at the end of the infusion
period was 1.1 0.2 g/dl.
Micropuncture experiments. Group B had a lower experi-
mental kidney inulin clearance than did group A (P < 0.005),
despite a volume expansion equivalent to that of group A, as
judged by the change in hematocrit. Fractional sodium excre-
tion, urinary flow rate, and urinary osmolality did not differ (P
= NS) between the groups. Colloid osmotic pressure averaged
18.5 1.1 mmHgingroupAratsand 16.1 1.3mmHginthe
group B rats (P < 0.05). Arterial pressure did not differ (P =
NS) between the groups and remained above 95 mm Hg in all
animals throughout the experimental period (Tables 2 and 3).
The kidney surface in those rats receiving BJP showed a
heterogeneous population of tubules, some dilated and some
not, but none collapsed. As time progressed from the beginning
of the experimental period, the percentage of dilated tubules
increased, and virtually all tubules appeared dilated by the end
of the experimental period. The kidney surface appeared nor-
mal throughout the experimental period in those animals receiv-
ing BSA.
In group B, SNGFR was less than (P < 0.001) and PTP was
greater (P < 0.001) than that in group A. SFP was not different
(P = NS) in the two groups. Within each group, PTP did not
differ (P = NS) between those rats whose ureters were catheter-
ized with PE-lO and those catheterized with PE 50 tubing.
Moreover, for two rats in each group whose ureter was cathe-
terized with PE-10, PTP was measured both before and immedi-
4000J,.
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Series 1 1 1 3 4 4
Group 1 2 4 M L
Fig. 2. Urinary protein excretion during infusion period, series 1, 3, and
4,
(Fig. 2). At the end of the infusion period, the calculated serum
myoglobin concentration was 0.3 0.1 gldl.
In group L, beta-lactoglobulin infusion was associated with
volume expansion and a mean decline in inulin clearance to 45%
of the control value (Fig. 1). Urinary protein excretion during
the infusion period was greater than that seen with the saline,
BSA, or gamma globulin infusion (Fig. 2). The calculated serum
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Table 2. Clearance and micropuncture results in rats given bovine serum albumin (group 1)a
Rat BP Hct V U0,,, FENa C10 PTP SFP SNGFR
no. mm Hg % lid/mm mOsm/kg % pJ/minIIOOg BW mm Hg mm Hg nllmin/100 g body wt
1 115 0 15.0 414 2.36 367 18 3(9) — 13.4 (1)
2 110 —5 4.5 800 0.24 543 12 5 (7) — 18.9 8.0 (4)
3 137 —13 23.3 358 2.46 602 15 3(4) 27 2(2) 14.1 8.1 (3)
4 95 —15 16.2 548 2.17 608 14 2 (5) 29 (1) 13.3 2.8 (4)
5 120 —16 5.4 497 0.36 403 20 2(18) 36 2(2) 11.2 2.9 (5)
6 115 —9 11.6 667 — — 11 2 (8) 27 5 (2) 11.4 3.2 (5)
7 102 — 23.0 486 3.20 431 20 3 (18) 46 4 (2) 14.4 2.9 (5)
8 125 —10 9.2 606 1.82 412 15 2 (17) 29 1(2) 12.8 2.2 (4)
9 —17 7.3 587 1.49 275 14 2 (9) — 14.0 4.0 (4)
Mean
SEMb 115 5 —11 2 12.8 2.4 551 45 1.76 1.4 455 39 15 1 32 3 13.8 0.7
Abbreviations used are as follows: BP, blood pressure during study period; Hct, change in hematocrit between initiation of protein infusion
and study period; V, urinary flow rate during experimental period from micropunctured kidney; FENO, fractional excretion of sodium; C10,
clearance of inulin, PTP, proximal tubule pressure; SFP, stop flow pressure; SNGFR, single nephron glomerular filtration rate. Parentheses
contain the number of measurements.
b Derived from the means of measurements for each rat
Table 3. Clearance and micropuncture results in rats given Bence Jones protein (group 2)
Rat no.
BP
mm Hg
AHct
%
V
p.1/mm
Uoom
mOsm/kg
FEN0
%
C10
pJ/min/100 g body wt
PTP
mm Hg
SFP
mm Hg
SNGFR
nl/min/100 g body wt
10 115 —17 9.8 560 2.84 313 15 2(9) 37 7(4) 13.3 3.0 (2)
11 120 —8 4.0 786 0.44 467 18 2 (6) 43 3 (3) 7.2 2.6 (2)
12 97 —6 5.1 490 1.55 263 14 2(6) 28 3 (3) 12.3 8/4 (3)
13 85 —7 36.2 — — 342 25 9 (5) — 9.9 1.8 (4)
14 97 — 7.3 — — 196 26 13 (4) — 5.3 1.6 (4)
15 105 —7 3.9 828 1.15 308 18 11(8) 33 10(3) 11.3 2.8 (5)
16 110 —5 2.4 631 — 354 17 4(13) 39 1(3) 9.4 1.4 (5)
17 118 —7 1.5 537 0.21 173 23 5 (6) 29 (1) 4.5 1.8 (3)
18 145 0 16.1 342 2.77 196 51 6 (8) 43 13 (2) 2.2 2.6 (4)
19 118 —20 4.5 359 2.55 75 20 8 (10) 34 1(2) 5.2 3.1 (3)
20 125 —5 0.5 336 0.31 83 45 4 (12) 50 4.8 0.19 (3)
Mean SEM 113 1 —8 2 8.3 3.3 541 61 1.49 0.4 252 36 25 4 37 2 7.8 1.1
Abbreviations are defined in Tables 1 and 2.
ately after removal of the ureteral catheter. In each case, PTP
did not change.
The distribution of the individual determinations of PTP and
SNGFR in the two groups is shown in Figs. 4 and 5. Group B
appeared to have two populations of nephrons with regard to
PTP, one with a distribution of PTP's similar to that in group A
and the second with PTP's clearly greater than in group A. PTP
is plotted as a function of SNGFR in all animals studied in Fig.
6. There was a negative correlation between these two variables
in group B as shown by linear regression analysis (r = 0.73, P <
0.001). Because the range of values was so narrow, no correla-
tion between these two variables was found in group A.
In group B, both inspection of the kidney surface and
measurement of PTP revealed a heterogenous population of
nephrons (Fig. 4). To determine whether elevated PTP and
decreased SNGFR were representative of the same population
of nephrons, we measured PTP and SNGFR simultaneously in
seven nephrons of five rats (Fig. 7); the mean SNGFR in these
nephrons was 7.3 1.8 as compared with the overall mean
SNGFR in the experimental group of 7.8 1.1 (P = NS). In
those nephrons with an elevated PTP (>19 mm Hg), SNGFR
(range, 2 to 7 nllmin/100 g) was less than that (range, 10 to 15) in
nephrons with a normal PTP (<17 mm Hg).
The glomerular capillary pressures as estimated from the sum
of SFP and colloid osmotic pressure were not different (50 3
mm Hg in group 1; 53 2 mm Hg in group 2; P = NS).
Histology. Histology of rats receiving BJP and of those
receiving beta-lactoglobulin revealed eosinophilic casts in distal
nephron segments. In general, these casts were more prominent
in the medulla than in the cortex. The glomeruli and vasculature
were normal by light microscopy. Figure 8 shows an example of
grade 4 histology in a BJP-infused rat and the renal histology
from patient 2. Figure 9 shows an example of a grade 4 histology
in a beta-lactoglobulin-infused rat. In series 1, all rats in groups
1 and 2 had histology scores of 0 whereas groups 3 and 4 had
mean scores of 1.5 and 2.4, respectively. There was a signifi-
cant association between the change in inulin clearance and
histology score in all rats in series 1 (P < 0.05). In series 2, the
mean histology score was 2.3. In series 3, all rats had a
histology score of 0. In series 4, all rats of group M had a
histology score of 0, and, in group L, the mean histology score
was 3.2. Kidneys from group L rats contained proximal as well
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Fig. 3. Column chromatography, BJP infusate, series 1. The position of
BSA, ovalbumin, and myoglobin is indicated by B. 0, and M, respec-
tively.
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Fig. 5. Frequency histogram fsing/e nephron GFR (SNGFR) in groupsI and 2. SNGFR was generally lower in the BJP-infused animals.
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Fig. 6. Mean single nephron GFR (SNGFR) for each rat is plotted as a
function of mean proximal tubule pressure (PTP) for f/ia! same i-al.
Open circles represent the group 2 animals and closed circles the group
1 animals. A high degree of correlation existed between the mean
SNGFR and mean PTP in the group 2 animals (r = —0.73, P < 0.001).
and vessels were negative when the same antisera was used
(Fig. lob). Similar findings were present in BJP-infused rats of
series 2 when studied with anti-kappa antisera.
Discussion
These studies demonstrate that the infusion of BJP isolated
from the urine of patients with MM and renal failure leads to a
reduction in GFR, massive proteinuria, and tubular cast forma-
tion. This effect occurred despite a degree of plasma volume
expansion that caused an increase in GFR in controls. Further-
more, infusion of BJP was associated with a decreased SNGFR,
elevated PTP, and preserved SFP in superficial nephrons, data
consistent with intranephronal obstruction,
C
0,
E
0)
C00)
E
0
0z
28 32
PTP,mm Hg
Fig. 4. Frequency histogram of proximal tubule press toes (PT?) in
groups I and 2. Two populations of nephrons are seen in group 2. one
with PTP's similar to that of the BSA-infused animals and another with
marked elevated pressure.
as distal nephron cast material, and occasionally eosinophilic
cast-like material was seen within Bowman's space (Fig. 9).
Immunohistology in the BJP-infused rats of series 2 revealed
cytoplasmic droplets within the proximal tubular cells and casts
that fluoresced with anti-lambda antisera (Fig. IOa). Glomeruli
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Fig. 7. For each nephron in group 2 where both single nephron GFR
(SNGFR) and proximal tubule pressure (PTP) were measured, SNGFR
is plotted as a function of PTP.
Several previous attempts have been made to produce an
animal model demonstrating nephrotoxic effects of BJP.
BALB/C and C3H mice with light-chain-producing tumors were
shown to develop extensive renal damage associated with many
eosinophilic distal tubular casts consisting predominately of
BJP, but there was no decline in GFR as assessed by serum
creatinine [18—20]. But, the effects of BJP, itself, could not be
investigated because factors such as tumor mass, hypercalce-
mia, and volume depletion may have been involved. Various
investigators have also attempted to produce renal lesions
similar to those seen in MM by the acute and chronic parenteral
administration of BJP to experimental animals, but renal func-
tion was not studied in detail [2 1—23]. After i.p. injection of BJP
to rats, Clyne et al [24] observed proximal tubular cell inclu-
sions but no decline in GFR or casts. In a subsequent report,
they observed that certain types of BJP, particularly those
characterized by a high isoelectric point, were associated with
an increase in serum urea nitrogen in aciduric rats [7]. Koss,
Pirani, and Osserman noted a correlation between the degree of
cast formation and serum urea nitrogen days to weeks after the
i.p. administration of BJP to mice [25]. But, serum urea
nitrogen concentration is an inadequate index of GFR, especial-
ly in animals that have received recent injections of large
amounts of protein. It is of interest, however, that in the latter
two studies the doses of BJP used, when corrected for body
weight, were in the range of that used in our study.
Because we studied only animals prepared on a low sodium
chloride diet, we cannot comment on whether dietary sodium
chloride restriction is a necessary requirement for the model,
The volume expansion occurring with the BJP infusion was
associated with a marked increase in urinary flow rate that
persisted into the experimental periods. This acute volume
expansion accompanying the BJP infusion distinguishes our
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model from those using i.p. injection [24, 25]. Indeed, the
plasma volume expansion and associated diuresis in our study
may have ameliorated the nephrotoxic effect of BJP as has been
suggested by others both clinically and experimentally [18, 26,
27]. The relationship of urinary pH to the observed nephrotox-
icily was not studied systematically, but a high urinary pH
• (range, 7.1 to 8.0), as expected with acute volume expansion
[28], was found in all urine samples studied from animals
receiving BJP or BSA. Aciduria has been a necessary factor in
some experimental models of BJP nephrotoxicity [7], and
• urinary alkalinization has been a therapeutic modality used both
clinically and experimentally in ameliorating the effect [20, 27,
29]. Thus, the urinary alkalinization associated with acute
volume expansion may also have lessened the BJP nephrotoxic-
ity observed in our model.
Massive proteinuria occurred in the BJP-infused rats. The
• •
identical column chromatography of urinary and infused pro-
tein, the positive Putnam test, and the monoclonal peak on
urinary and serum protein electrophoresis in the same rats
establish that the rat urinary protein in these animals is predom-
inately BJP. We cannot exclude the possibility of a small
increase in urinary albumin excretion during the BJP infusion
period as has been found by others [24]. The higher molecular
weight proteins in the urine may have resulted from aggregation
of filtered BJP monomer or dimer. The tendency of BJP to
aggregate in vitro has been correlated with nephrotoxicity in
patients [8]. The myoglobin-infused rats demonstrate that mas-
sive proteinuria itself does not cause acute reduction in GFR or
cast formation.
The substance in our series 1 and 2 experiments that is
responsible for the observed renal impairment is very likely to
be BJP although the heterogeneous nature of the infused protein
precludes precise determination by us as to exactly which
specific molecular weight substance is responsible. Nephrotox-
icity was not observed when gamma globulin, added to and then
isolated from the urine of a uremic patient, was administered.
Thus, a factor present in the urine of uremic patients or added
with the preparative procedure is an unlikely cause of the
nephrotoxicity. Finally, BJP nephrotoxicity was demonstrated
using BJP isolated from two different patients with renal failure
and MM.
Although having nearly uniform thermosolubility properties,
BJP's isolated from different patients vary with regard to other
properties, and do not appear uniform with regard to nephro-
toxicity in both patients and experimental animals [7—9, 30].
The properties that have been suggested as being crucial in this
regard have included protein load, light chain type, isoelectric
point, relative electrophoretic mobility, and tendency to aggre-
gate. In addition, other exogenous factors, for example, radio-
contrast material, may act synergistically with BJP to culminate
in renal failure [1]. It has been claimed that those BJP's with a
high isoelectric point are more likely to have net positive charge
in tubular fluid and thus interact with negatively charged
molecules, for example, Tamm-Horsfall protein, within the
distal nephron [7]. The interaction may involve protein aggrega-
tion with cast formation and tubule obstruction. In series 4
experiments, beta-lactoglobulin, the p1 of which ranges be-
tween 4.7 and 5.3, was associated with nephrotoxicity similar to
that found with BJP, but myoglobin with a p1 of 6.9 was not.
Thus, for filterable proteins, nephrotoxicity cannot be cx-
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plained solely on the basis of a high p1 and must involve yet
undefined properties. These findings, however, in no way
exclude the possibility that an association exists between higher
p1 and greater nephrotoxicity for BJP.
A number of pathogenetic mechanisms have been proposed
to account for the decrease in inulin clearance associated with
experimental ischemic and toxic ARF, including obstruction,
passive backleak of filtrate, and cessation of filtration either as a
result of an increase in afferent arteriolar resistance or decrease
in the glomerular permeability and/or surface area [31]. In our
series, the finding of a decreased effective filtration pressure,
Fig. 8. Histology, cast nephropathy. A
Photomicrograph of renal tissue from
patient 2. "Myeloma kidney" with tubu-
lar atrophy, tubular casts, and giant cells
(see arrow) is shown. (H & E stain;
magnification, x600) B Photomicrogra-
phy of renal tissue from a series 2 rat.
Grade 4 histology shows cross section of
medulla with virtually all tubular lumina
filled with casts. (H & E stain; magnifi-
cation, X600)
secondary to maintained estimated glomerular capillary hydro-
static pressure in association with an elevated PTP provides
direct support for intranephronal obstruction as a significant
mechanism in this model of ARF [31]. In the nonobstructed
state, PTP and SNGFR are directly correlated, and it has been
argued that a preserved PTP in the presence of depressed
SNGFR suggests obstruction [32]. Thus, in our model the
argument for obstruction is strengthened by the negative cone-
lation of rat mean PTP with rat mean SNGFR (Fig. 6), and
whole kidney GFR, and the positive correlation with cast
formation in those rats infused with BJP. Concomitant paired
t_,,s,,
I
t
At —
El:
_'t__ ft?
,.
.:
.?
dlI I,
Bence Jones protein nephrotoxicity in the rat 207
Fig. 9. Photomicrograph of renal tissue from a group L rat showing both proximal and distal tubular Casts and Cast material within Bowman's
space (magnification, x 600)
measurements of PTP and SNGFR in a small number of the
same nephrons also tends to support the association between
high intratubular pressure and low SNGFR (Fig.7).
We did not directly examine other mechanisms of impaired
filtration mentioned above, especially changes in renal plasma
flow or glomerular ultrafiltration coefficient, and cannot ex-
clude them as being operative concomitantly with obstruction:
intraluminal obstruction may be only one of several mecha-
nisms contributing to the reduction of filtration rate. The
estimated glomerular capillary pressure was not different in the
control and experimental group, suggesting that preglomerular
vasoconstriction did not contribute significantly to the reduc-
tion in GFR. Plasma oncotic pressure was less in the BJP-
infused rats and therefore cannot have reduced effective filtra-
tion pressure in that group as compared with control.
The morphologic findings suggest that tubular obstruction is
most likely related to distal nephron cast formation, as has been
suggested in some other models of ARF [33, 341. Indeed, the
positive correlation of PTP and negative correlation of both
SNGFR and GFR with casts supports the interpretation that the
casts lead to intranephronal obstruction. Circulating BJP gains
access to the tubular lumen predominately by glomerular filtra-
tion and subsequently is taken up and metabolized by proximal
tubule cells 1351. Thus, it seems reasonable to suggest that the
infused BJP that escapes proximal tubular metabolism moves
downstream where aggregation and cast formation occurs,
leading to obstruction.
BJP nephrotoxicity has also been attributed to direct tubular
cell toxicity. Thus, in patients with Bence Jones proteinuria, the
degree of cast formation has occasionally appeared to be
insufficient to explain the degree of renal failure [2]. Further-
more, crystalline structures have been observed within proxi-
mal tubular cells in patients with MM and renal tubular acidosis
and in experimental animals given BJP [3, 6]. A disproportion-
ate decline in the PAR clearance relative to that of creatinine
clearance in patient with MM and Bence Jones proteinuria has
also suggested tubular dysfunction [2]. Preuss et al observed
inhibition of tubular transport processes when rat renal cortical
slices were incubated with various BJP's as compared with
urinary proteins isolated from nephrotic patients without Bence
Jones proteinuria [361. An attempt to confirm these results with
a more highly purified preparation of BJP, however, was not
successful [37].
Our studies do not exclude the possibility that direct tubular
cell toxicity is present along with tubular obstruction. Indeed,
tubular obstruction by casts and tubular cell toxicity are not
mutually exclusive mechanisms, and both may, in fact, be
involved in the pathogenesis of BJP-induced nephrotoxicity.
Tubular dysfunction may first lead to a decrease in catabolism
of filtered BJP and, therefore, greater delivery to the distal
tubule and collecting duct where the optimum pH exists for
precipitation. Properties predisposing BJP to either proximal
tubular cell toxicity and dysfunction or intratubular protein
precipitation would predispose to tubular obstruction in this
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Fig. 10. Immunoftuorescence. A Photomicrograph of renal immunohistology in series rat. Cytoplasmic and cast fluorescence with antilambda
antisera are shown (magnification x600). B Photomicrograph demonstrating absence of immunofluorescence in the glo,nerulus (magnification
x900).
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schema. Although we did not test directly for passive backleak
from the tubular lumen, it would not be surprising to demon-
strate backleak in the presence of obstruction [38].
Although the time sequence is abbreviated, we believe that
this animal model may offer an experimental system within
which both filterable protein nephrotoxicity and the isolated
effect on the kidney of more highly purified BJP from patients
with and without renal impairment of various types can be
further studied. Bence Jones proteinuria quantitatively in the
range reported in patients with MM occurred in our BJP-infused
rats [2, 261, and the serum BJP concentration at the end of the
experiment in group 4 rats (3.4 gldl) was not dissimilar from that
of the patient from whom the BJP was obtained (3 gldl). The
model does not suffer from the concomitant presence of factors
such as radiocontrast media, hypercalcemia, tumor mass, or
volume depletion, all of which coexist frequently with Bence
Jones proteinuria when associated clinically with ARF and
which complicate conclusions regarding the effect of BJP itself
on renal function [1]. This model also offers a system suitable
for further study of the pathophysiologic mechanisms and
potential synergistic factors involved in BJP and filterable
protein nephrotoxicity. Because of the high dose and heteroge-
neous nature of BJP used and the acute exposure, however,
attempts to directly relate the present observations on the
pathophysiology of ARF in our animal model to that observed
in patients with MM must be approached with considerable
caution.
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